A combined analysis of 2,3,7,8 -tetrachlorodibenzo -p -dioxin ( TCDD ) elimination in Seveso adults and Ranch Hand veterans found a period of fast elimination within the first 0.27 years after exposure in Seveso, followed by a period of slower elimination between 3 and 16.35 years from exposure. The mean TCDD elimination rate within the first 0.27 years after exposure among six adult males in the Seveso cohort was 2.0646 year À 1 ( half -life = 0.34 years ). The mean rate from 3 to 16.35 years was 0.1011 year À 1 ( half -life = 6.9 years ). The mean Ranch Hand elimination rate, 00924 year À 1 ( half -life = 6.9 years ), measured between 9 and 33 years after exposure, was significantly less than the Seveso mean in the first 0.27 years after exposure, but not significantly different from the Seveso mean between 3 and 16.35 years after exposure. The fast elimination within the first 0.27 years followed by a slower rate after 3 years is consistent with the expected pattern in a two -compartment open model, with a distribution phase of rapid elimination followed by a slower elimination phase.
Introduction
On July 10, 1976, an explosion occurred during the production of 2,4,5 -trichlorophenol in the ICMESA plant in Meda, about 25 km north of Milan, in the Lombardia region of Italy. A cloud of chemicals, including sodium hydroxide, ethylene glycol, the sodium salt of 2,4,5-trichlorophenol, and kilogram amounts of the synthetic by -product, 2,3,7,8 -tetrachlorodibenzo-p-dioxin ( TCDD ), was released into the atmosphere. Debris from this cloud fell south -southeast of the plant on an area of about 2.8 km 2 , which included parts of the towns of Seveso, Meda, Cesano, Moderno, and Desio ( Needham et al., 1998 ) . Primarily on the basis of animal and vegetation mortality and TCDD measurements in soil and grass, the contaminated area was divided into three zones, designated A, B, and R. Zone A was closest to the plant and selected individuals from these zones, denoted the ''Seveso'' cohort, and from the surrounding area, zone non-ABR, have been studied for health effects ( Caramaschi et al., 1981; Bruzzi, 1983; Mocarelli et al., 1986; Mocarelli et al., 2000; Assennato et al., 1989; Pesatori et al., 1993; Bertazzi, 1991; Bertazzi et al., 1999 ) , serum TCDD concentrations (Facchetti et al., 1981; Mocarelli et al., 1991 ) , TCDD pharmacokinetics (Needham et al., 1994 (Needham et al., /1998 , and mortality (Bertazzi et al., 2001 ) .
About a decade earlier, from 1962 to 1971, members of the US Air Force Operation Ranch Hand were exposed to TCDD through their handling and spraying of bulk quantities of Agent Orange and other TCDD -contaminated phenoxy herbicides in Vietnam. Agent Orange comprised approximately 60% of the 19 million gallons of herbicides sprayed in Vietnam; was a 1:1 mixture of 2,4-dichlorophenoxyacetic acid and 2,4,5 -trichlorophenoxyacetic acid; and was contaminated, from less than 0.05 to almost 50 parts per million, with TCDD ( Institute of Medicine, 1994) . Since 1982, these veterans and a comparison cohort have been studied for health effects , Roegner et al., 1991 , Wolfe et al., 1995 , Henriksen et al., 1997 , Burton et al., 1998 , Ketchum et al., 1999 , serum TCDD concentrations and pharmacokinetics ( Michalek and Tripathi, 1999; Michalek et al., 1998c ) , and mortality (Michalek et al., , 1998a .
A distinguishing feature of the Ranch Hand exposure is the lack of serum TCDD measurements prior to 1982, and hence the lack of a measured initial dose in Vietnam. The opposite is the case in the Seveso studies; TCDD concentrations were measured in serum collected within a few days of the explosion in some individuals. The lack of initial dose measurements in Ranch Hand veterans has motivated efforts to estimate the initial dose based on a first -order pharmacokinetic model. A second distinguishing factor is that the Seveso cohort represents a residential population presumably exposed to a single release of TCDD, resulting in extremely high serum TCDD concentrations, whereas the Ranch Hand cohort experienced TCDD exposure mostly during a 1-year period of service in a war zone; the maximum estimated initial dose in the Ranch Hand cohort was about 3000 parts per trillion (ppt ) in lipid, and the maximum in 177 selected Seveso residents, all at least 13 years old, was 10,400 ppt (Needham et al., /1998 . We describe TCDD elimination in selected Seveso adults from Zones A and B and selected Ranch Hand veterans.
Methods
Details of the Seveso cohort have been described elsewhere (Mocarelli et al., 1991; Needham et al., 1997 Needham et al., / 1998 . Some individuals from zones A and B, both adults and children, donated serum within a few days of the explosion and periodically thereafter, up to 1993. From those in the Seveso cohort with repeated serum TCDD measurements, 54 individuals who were adults ( at least 16 years old ) at the time of the accident were selected; 29 of the 54 were males.
Details of the Ranch Hand study have been published elsewhere . All Ranch Hand veterans were male. A study of TCDD elimination in Ranch Hand veterans has been conducted ( Michalek and Tripathi, 1999 ) . A veteran was included in this pharmacokinetic study if ( a) his TCDD measurement in 1987 was greater than 10 ppt, a value regarded as a threshold for background exposure (Michalek et al., 1998b ) , (b ) he had provided serum in 1982, and (c ) the TCDD measurement in the serum collected in 1982 was quantifiable. A total of 343 Ranch Figure 1 . Times from exposure to TCDD measurements by subject in the Seveso cohort. Vertical reference lines are drawn at 0, 0.27, 3, and 16.35 years from exposure. Symbols indicate TCDD measurements; dots denote that body mass index was measured and circles that body mass index was not measured.
Hand veterans were selected. Because veterans were selected based on a TCDD concentration in 1987 being greater than 10 ppt, a statistical artifact similar to regression toward the mean would have biased the weighted leastsquares estimate of the elimination rate (Michalek et al., 1998c ) . To correct for this, a subset of veterans were selected for the final estimate following an iterative procedure ( Michalek and Tripathi, 1999) , with the result that 97 of the original 343 were actually used for the estimate. So that the Ranch Hand half -life estimates would agree with previously published results (Michalek and Tripathi, 1999) , we restricted the Ranch Hand cohort to these 97 selected veterans.
In the Seveso cohort, serum TCDD was measured periodically from within a few days of the explosion until 1993. In the Ranch Hand cohort, TCDD was measured in serum collected in 1982, 1987, 1992 and 1997, or between 9 and 33 years after exposure in Vietnam. TCDD measurements from both studies were made by the Centers for Disease Control and Prevention using high -resolution gas chromatography/high -resolution mass spectrometry with an isotope dilution technique for quantification (Patterson et al., 1987 ) , and the results were expressed in parts per trillion on a lipid weight basis. Approximately 40% of the sample analyses were done for quality control ( QC ) purposes. QC procedures were followed in both sample workup and mass spectrometry. The QC samples consisted of sample method blanks, pooled serum samples, and duplicate samples. The sample method blanks were processed using the same procedures as used for the actual samples and indicated if contamination of the samples had occurred. The pooled samples served as referents to evaluate the long -term precision of the analytical method. Duplicate samples provided an additional check on the precision of the method. The resolution and absolute sensitivity of the mass spectrometer were checked. Raw mass spectral data were evaluated manually during data acquisition to provide rapid indication of any problems. This evaluation included checks of chlorine isotope ratios, TCDD isomer resolution, the accuracy of standard quantification, the absence of contamination in method blanks, and the reproducibility of pooled sample analyses. In 1997, the between -assay coefficient of variation at three different concentrations of TCDD ranged from 9.4% to 15.5%. Weight and height were measured in both studies at the time of the serum collection for the TCDD measurement, and the body mass index ( BMI ), equal to weight ( kilograms) divided by the square of height ( meters ), was computed.
For each Seveso subject, the elimination rate () of TCDD between two time points, t 1 and t 2 , was estimated as =(y 1 À y 2 )/(t 2 À t 1 ), where y 1 = log( TCDD 1 À 4) and y 2 = log( TCDD 2 À 4), TCDD 1 and TCDD 2 were TCDD concentrations at the first and second time points measured in parts per trillion, and log was the natural logarithm; 4 ppt was subtracted before taking the logarithm to correct for background exposure (Michalek and Tripathi, 1999 ) . The corresponding estimated half -life over the interval from t 1 to t 2 was log( 2) /. Under a repeated measures linear model with an autoregressive order one [AR( 1 )] autocovariance assumption, was the weighted least -squares estimate of the elimination rate for an individual, and the average of the individual estimates was the weighted least -squares estimate for the cohort. Elimination rates for Ranch Hand subjects were weighted least squares estimates based on up to four repeated TCDD results (Michalek and Tripathi, 1999 ) . We assessed differences between the two cohorts regarding the mean TCDD elimination rate using contrasts of least -squares means based on a linear model. The relative change in BMI from time t 1 to time t 2 was defined as (BMI 2 À BMI 1 )/ BMI 1 , where BMI 1 and BMI 2 were body mass indices at times t 1 and t 2, , respectively. In Seveso subjects, variation in the TCDD elimination rate with the logarithm of the initial TCDD measurement was assessed with a linear model. All models were adjusted for age at the time of exposure, BMI at the time of exposure, and the relative change in BMI from the time of exposure. All statistical analyses and graphics were carried out using SAS software (SAS Institute, Cary, North Carolina).
Results
Because TCDD measurements were unequally spaced in time within and between subjects (Figure 1 ), statistical summaries in the Seveso cohort were restricted to four times: 0, 0.27, 3, and 16.35 years after exposure. TCDD The second time point was selected because 23 of the 54 subjects ( 11 males and 12 females ) had a TCDD measurement 0.27 or 0.35 years after the accident; 17 had a measurement of 0.27 years and 6 had a measurement at 0.35 years; the time point was labeled 0.27 years to indicate the median. Seventeen subjects (7 males and 10 females ) had a TCDD measurement at both 0 years and 0.27 years after exposure. TCDD measurements made between 2.5 and 3.5 years after the accident were defined as having been measured 3 years after exposure. With these definitions, 32 subjects ( 17 males and 15 females ) had a measurement at time = 3 years and 24 (11 males and 13 females ) had a measurement at both time = 0 and at time =3 years. Forty -nine subjects (24 males and 25 females ) had a TCDD measurement between 16.35 and 17.35 years after exposure, and 26 of these were at 16.35 years exactly; the fourth time point was labeled 16.35 years to indicate the median of these times. Thirty -nine subjects (18 males and 21 females ) had a TCDD measurement at both 0 years and 16.35 years after exposure and 28 (13 males and 15 females ) had a measurement at both 3 and 16.35 years after exposure.
BMI and age in 1976 among the Seveso subjects are summarized in Table 1 . The corresponding summary for Ranch Hand veterans is given in Table 2 . Seveso sample sizes for BMI averages varied due to missing data ( Figure  1 ). At exposure, Seveso males ( average age 35.4 years ) and females (average age 34.4 years ) were about 10 years older than Ranch Hand veterans at the start of their tour of duty in Vietnam (average age 24.5 years ). The average BMI of Seveso males ( 26.8 kg /m 2 ), females ( 26.7 kg/ m 2 ), and all Seveso subjects (26.8 kg /m 2 ) 16.35 years after exposure was significantly less than the average BMI of Ranch Hand veterans in 1992 (30.0 kg /m 2 , not in any table); P < 0.001, P= 0.004 and P <0.001, respectively. The average BMI of Seveso males ( 24.7 kg/m 2 ), females (24.5 kg/ m 2 ), or all Seveso subjects ( 24.6 kg /m 2 ) at the time of the accident was not significantly different from the average BMI among Unadjusted elimination rates are summarized in Table 5 . The mean rates among Seveso females were less than the mean rates among Seveso males in all four time intervals. The mean Seveso rates in the first time interval (0 to 0.27 years after exposure) were greater than the mean rates in subsequent intervals and were greater than the mean Ranch Hand rate ( from 9 to 33 years after exposure). The mean Seveso rates from 3 to 16.35 years after exposure were numerically similar to the mean Ranch Hand rate.
Statistical contrasts of Seveso males and females with regard to mean elimination rates are summarized in Table 6 . The mean rate from 0 to 0.27 years after exposure among males ( 2.0665 year À 1 ) was not significantly different from the corresponding mean among females ( 1.6272 year À 1 ); mean difference = À 0.4393 year À 1 , 95% CI À 2.9075 to 2.0289, P= 0.70. In the interval from 3 to 16.35 years after exposure, the mean rate among males ( 0.1066 year À 1 ) was borderline significantly greater than the mean rate among females (0.0722 year À 1 ), mean difference = À 0.0344, 95% CI À 0.0695 to 0.0007, P=0.054. The mean TCDD halflives among males and females on the interval from 3 to 16.35 years after exposure were 5 and 9.6 years, respectively.
The TCDD elimination rate in the interval 0 to 0.27 years was not significantly related to the initial TCDD in males (slope =1.10, P= 0.71 ), females ( slope = 0.64, P=0.60) or in all subjects (slope = 0.65, P=0.40 ). In the interval from 0 to 3 years, the rate increased significantly with the initial TCDD in males (slope = 0.10, P= 0.002 ) and all subjects (slope =0.06, P=0.03 ), but not in females (slope = 0.07, P= 0.13 ). In the interval from 3 to 16.35 years, the rate increased borderline significantly with the initial TCDD in females ( slope = 0.02, P= 0.08 ) and all subjects (slope =0.02, P= 0.07), but not in males (slope = 0.02, P= 0.32 ). For each time interval, there was no significant interaction between the elimination rate, sex, and initial TCDD.
Contrasts of Seveso and Ranch Hand mean rates are summarized in Table 7 . The mean Seveso rates in the interval from 0 to 0.27 years after exposure among males and females were significantly greater than the mean Ranch Hand rate ( Table 7 , panel a ); the mean among Seveso males (2.0646 year À 1 ) was significantly greater than the mean among Ranch Hand veterans (0.0931 year À 1 ); mean difference = À 1.9715, 95% CI À 2.2382 to À 1.7048, P < 0.001. The corresponding mean TCDD half -life among Seveso males in the time interval from 0 to 0.27 years after exposure was 0.34 years. The mean Seveso rate in the interval 0 to 3 years after exposure among males ( 0.2276 year À 1 ); was significantly greater than the mean Ranch Hand rate ( Table 7, ( Table 7 , panel c ); mean difference = À 0.0086, 95% CI À 0.0353 to 0.0180, P= 0.52. The mean TCDD half -life was 6.9 years among Seveso males between 3 and 16.35 years after exposure. In the interval from 3 to 16.35 years, the mean rate among Seveso females (0.0709 year À 1 ) was borderline significantly less than the Ranch Hand mean (mean difference = 0.0210, 95% CI 0.0021 to 0.0440, P= 0.07); the mean TCDD half -life among females in this interval was 9.8 years.
Figure 2 summarizes TCDD elimination in log units among Seveso males and Ranch Hand veterans, with additional detail on the interval from 0 to 3 years shown in Figure 3 . The fast elimination shortly after exposure is revealed by the steep slopes within the interval 0 to 0.27 years. Subsequent attenuation of the initial rate to a rate similar to that of the Ranch Hand veterans in the interval 3 to 16.35 years is revealed by lines approximately parallel to the Ranch Hand lines.
Discussion
A combined analysis of TCDD elimination in Seveso adults and Ranch Hand veterans found a period of fast elimination within the first 0.27 years after exposure in Seveso, followed by a period of slower elimination between 3 and 16.35 years from exposure. The mean TCDD elimination rate within the first 0.27 years after exposure among six adult males in the Seveso cohort was 2.0646 year À 1 ( halflife = 0.34 years ). The mean rate from 3 to 16.35 years was 0.1011 year À 1 (half -life = 6.9 years ). The mean Ranch Hand elimination rate, 0.0924 year À 1 (half -life =7.5 years ) between 9 and 33 years after exposure, was significantly less than the mean rate in Seveso males in the first 0.27 years after exposure, but not significantly different from the mean Seveso rate between 3 and 16.35 years after exposure. The fast elimination within the first 0.27 years followed by a slower rate after 3 years is consistent with the expected pattern in a two-compartment open model (Shargel and You, 1985 ) , with a distribution phase of rapid elimination followed by a slower elimination phase. This pattern is also consistent with changes in the rate of whole -body elimination of TCDD observed in rats (Carrier et al., 1995 ) ; in animals receiving a single dose of 300 ng TCDD /kg body weight, the simulated half -life 3 days after exposure was 9.4 days and the half -life increased to 61.01 days at 91 days after exposure. The same authors observed a similar phenomenon in a Yu-Cheng patient exposed to 2,3,4,7,8 -pentaCDF for 38 weeks; the simulated half -life was 1.66 years 4 years after exposure and 31.05 years 50 years after exposure.
Seveso females eliminated TCDD in a pattern consistent with males, but eliminating slower than males in the first 0.27 years and borderline significantly slower between 3 and 16.35 years after exposure. The slower elimination among women was consistent with another study that found slower elimination in women than men at the age of 60 years, a pattern the authors attributed to continued increases in BMI among older women (Kreuzer et al., 1997 ) . The observed gender difference is also consistent with higher TCDD levels in women than in men 20 years after the Seveso accident ( Landi et al., 1997 ) . The TCDD elimination rate in the interval 0 to 3 years increased significantly with the logarithm of the initial TCDD concentration among males and all Seveso subjects, but not significantly among females. No significant change in the elimination rate with the logarithm of the initial TCDD concentration was found within 0.27 years of exposure or between 3 and 16.35 years after the exposure.
The strengths of both studies include many years of follow -up and TCDD measurements made by a single laboratory. Ranch Hand data suggest that the TCDD measurements were accurate. A reliability study conducted on paired TCDD measurements made from blood donated by 46 Ranch Hand veterans found a coefficient of reliability of 0.96 in log units, 95% CI 0.93 to 0.98 ( Michalek et al., 1996 ) . Both studies were limited by a lack of rigorous protocols for measuring height and weight. Although Ranch Hand veterans were measured uniformly in a clinical setting, poor posture may have produced an underestimate of height among older veterans. The conditions of measurement among Seveso subjects were unknown and most likely varied. The Seveso study was limited by small numbers of subjects with repeated TCDD measurements within 0.27 years of exposure. We attempted to adjust for all known confounders, but there may be others that we did not consider. We adjusted for BMI at the time of exposure rather than at the most recent TCDD measurement to provide a covariate that could not have been related to the TCDD concentration.
The unequal spacing between TCDD measurements in the Seveso cohort complicated our analysis. We considered and rejected the idea of using all of the Seveso data because application of the AR( 1) model becomes logically incoherent if the measurements are not equally spaced in time. The autocorrelation parameter in the AR( 1 ) model is defined in terms of equally spaced measurements, a pattern not satisfied by the Seveso TCDD results. We avoided the spacing problem by estimating the TCDD elimination rates between two time points approximately equally spaced across subjects. In this way, we were able to estimate the individual elimination rates using weighted least squares and compute inferential statistics.
In conclusion, these data suggest that adult males in the Seveso and Ranch Hand cohorts eliminate TCDD similarly more than 3 years after exposure. These data also suggest that serum TCDD concentrations drop rapidly within the first few months after exposure among those who experience exposure over a short period. Stronger inferences were not possible due to the small number of measurements in the Seveso study.
